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Effect of Pressure and Temperature on the Refractive
Indices of Benzene, Carbon Tetrachloride, and Water

R. M. Waxler and C. E. Weir

{October 31, 1962)

An interferometer for messuring change in index of refraction with presaure is deseribed.

Abaolute indices of refraction are reported to five detimaln
and water at pressures as high as 1100 barz over o small teinperaturc: range.
replicate messurements agree to within £ (L0001,
gpetific violume showr systematie devistions in all cases.

index of carbon tetrachloride Inereases with inorcssing tem
The refractive index of benzene showa no effect dua
experimental errpr,  Poagible explanationa for this behavior

decrenses with increansing temperature,
snlely to temporature wilhin t
rre diseusand.

1. Introduction

Recently there has been great interest in studying
optiesl properties of rmaterinls ut high pressure ss &
method of exumining short range molecular inter-
actions, the present smphasis bein_% confined largely
to specirpscopic messnrements. To a large extent
index of refraction measurements bave beqn neglected
in these studies, although it would appear that index
studies with their inherent precizsion might be of
aesietance in interpreting spectroacopic data,  Index-
denzity studies on condensed phases have been made
previously, but tha ohjectives of the previous experi-
ments were usually to determine the applicability of
ndex-denwity relationships or the vselulness of index
nz 1 messure of volurmne change, Most of the dats
publizhed have been given to shout the fourth deci-
mal, and although such precision is excellent for
many measurements, it @ not particularly good Jor
index of reflraction. The present work was under-
taken in ap attempt to Increase the precigion of
index measurements at elevated pressures. For
these studies an interferometer for use at bigh pres-
gureg has been developed, und thizs report eontains
the results of mcasurements on three liquids at
pressures up to about 1000 bors.

Poulier, Ritehey, and Benz [1] ' uszed the minimum
deviation method for studying the refractive mdices
of liquids to 13,600 atm. The windows [2] of theiz
presgure vessel were mounted at an angle of 30° to
¢ach other and with the enclosed liquid constituted
a 30° prism.  Poulter and Benz [3] discussed the
errors ariging from distortion of the windows, HRoszen
(4] used a similar method for studying water to 1800
bars. This equipment as described by Lyons and
Poindexter [5] vlilized windows {orming s prism with
& 51° angle, These workers estimated the crrors

L Fgransr it boaelests Indboate tha litaebae mlfarencon at Ko amd of this paper,
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for benzens, carbon totrachloride,
The results of
Various equetfons relating index and
At constant gpecific volume, the

rature, while the index of water

ariaing from distertion we be of the order of 0.0003
in index but concluded that this error was lezs than
other axperimental errors.  Gibson and Kineald [$)
used the immersion method for stedying the index
of benzene. In these studics glass particles wera
immersed in benzene and pressure was used Lo match
the index of the hengene to that of the glass, A
genaitivity of 0.00004 s reported for index but the
daty wre reported to the fourth decimsl in index. In
these studies the index of the glass was known at 1
bar but ita value at elevated pressure was caleulated.

As early 4= 1857, Jamin [7] deseribed the use of an
interferometer for mensuring change in refractive
index of fluids under pressare. Maost aubsequent
wark hus been done on gases, the most notable being
st of Michels atid Hamers [8]. The windows
limit the pressure range of interference methoda.
The present report describes an interferometer which
ig completely eneloged 1n the presswre vessel o that
distortion of the windows at clevated pressure bhas a
negligibla affect on the interference paitern.  In the
present experimenta, change in refractive index was
meazured with a sensitivity of 0.00001 and sstimated
lhmitz of reproducibility, expressed ss twice the
standard deviations ahout the mean, of the order
of +0.0001. With modifications it i believed that
both the precision and the pressure range can be
extended by at lpast one order of magnitude. It is
alzo apparent that the prineiple can ba ysad to obtain
precise data on PYT hehavior of solids.

2. Apparatus and Experimental Method

2.1. Interferometer Construciion

The interferometer, figure 1, was constructed using
a atainless steel har, A, which was ahout 130 mm
long snd 13 mun equere. The optical portion con-
diated of two optical Alate separsted by a steel epacer.
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FiGurE 1. Croas seclion of the énlarferomeler.

Recesses 11 min in diameter to accommodate the
flata were made in opposite sides near one end of
the bar. Tbe recesses were of such depth as to
leave a web, I, of sieel about 3 mm thick in the
center of the bar. The ateel web served as n sest
and spacer for the optical flate and wns machined
sn that its surfaces were parallal. The flats were
held firmly againat the web Eﬁ};threaded brasa rings,
E, screwed mto the upper threaded portion of the
recesses. A emall veoprene rubber gasket, F, under
ench ring was used to seal the cell against f&aka.ge
and to prevent eracking of the lat. It wsa necessary
to gilver both flats to preduce bright fringes becauee
they were in contset with liquids having indices
of refraction not appreciably different from that
of the glass. Thus the front flat, B, was Lsalf-
gilvered on ite reer surface and the back plate,
was & [Tont surfmece mirror, the light being iocident
from the right az shown in figure 1, The small glass
fiats 11 mm in diameter were cut from lsrger optical
flats obtained commercially.

A small hole 3 min 1 diametor drilled through the
wab served as ths interforometer chamber, To per-
mit introduction of liquid inte the chamber, a amall
gxial bole abont 1.5 mm in dismeter connected the
chamber with the lower end of the bar. This end
of the bar was threaded and serewed nto a stainless
stesl reservoir, €, containing mercury to separate the
liquid under study from the oil used as a preesure-
transmitéing medium,. A small hola was drlled into
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the reservoir to perinit transimission of pressure. The
upper end of the bar was slotted o facilitate wline-
ment of tha interferometar inside tha pressure vessel
before applying pressura.

2.2. Prossure Vesgoel

The pressure veszsel waz mounted on a large
optical bench with the sssociated opticsl equipment.,
This vessal was the one used by Gibson (9] in his
classic experiments on liguids. The heavy-walled
stee]l container was fitted with Lwo heav{ plate glass
windows. The windews wers supported by hardened
optically flat stcel plugs of » design proposed by

oulter [2]. The windows provided an aperture of
8 mum which wae adequate for viewing the fringes in
the 3 mm interlerometer chamber placed opposite
the windown insida the vessel. The pressure vesacl
was thermostatted by means of s temperniure-
controllsd oil bath capable of contrel to within
4002 °C. To oblain teuqimrﬂ.turﬁs below room
temparature, tha bath waa ¢ooled with the immersion
eoil of i:ﬁ-ort.able refrigerator.

In studying each hiquid, the oil heth was brought
to constant temperatures of 25, 35, and 85 . In
the cnee of wator, additional experninents were con-
ducted where the bath was brought to temperatures
of 2and 8 %2, By probing with a calibrated thermo-
couple it was discovered that tewperature gradients
existed within the pressure vessel itself. A csli-




brated thermocouple was faptened to the interfer-
omater at & position very close to the liquid under
study to determine the actual temperatures at which
the experiments were conducted,

Pressures wers messured to £03 bar with a
thermostatted manganin pressure gage mounted in
the oil line external to the pressure vessel The
Ernﬂsurc gage was calibrated at the freezing point of

enzene as reported by Gibson [10].

2.3, Optics

The optical system was similar to the one deseribad
by Saunders {11] and the measurements wers made
photographically. The Light source was a heliom
discherge tube used In conjunction with a constant
deviation prism to permit isolation of individuoal
helinin linea for flwnination. In thesa studies the
5875.62 A line was used becausze it was found to
Ii_mduue fringes best suited for photographing.

he opiical design permitted visual observation of
the interference fringes while photographing, and
incorporated a right-angle prism so that the observer
waa out of direct line of the windows in tha pressura
veagel.  This right-anple prism was turhed 90% from
its normal position [11] so that all the_elements of
the optical systern were in & herizontal plane. In
these experiments ons window of the pressure vessel
and the oil uged to transmit pressure were in the
path, They were nol expacted to affect the fringes
patiern even when the window hacame distorted at
elevated pressures. To check this prediction, & thin
wicrgacope cover glass (0.015 mun thick) was placed
in the vessel. The surfacea of the cover glaza wera
sufficiently flat and parallel to produce internal
interferanca, whila the 3 was s thin that a
negligible cha in thickness would ba produced
hﬁ' a pressure change of 1000 bars. No change in
the fringa system was detected at piessures between
1 bar and 1000 bare and it was concluded that dis-
tortion of the windows would have no sppreciable
eifect on the measurements.

3. Ezperimental Technique

A typical experiment was performed as follows:
The interferometor was sssembled and adjusted to
Eﬂm&uce & fringe mystern.  The ingtrument was then

ed with the Hhquid noder gtudy. In order to
remove &ir ond to ensurs that air bubbles wera not
formed at elevated temperatures it was found
vecesaary to fill the interforemeter under wacuum
with freshly boiled liguid. The frings aystem was
rechecked and the interferometer placed ineide the
pressure vessel end alined. After waiting for abous
23 min for attainment of thermal aguifibriom, the
pressure was raized to zome value between 1 bar
sod 1000 bars and sn interval of about 20 min
permitted for dissipation of the heai gpenerated by
compreseion. The pressure was then decressed
slowly t6 1 bar and the fringes photographed as
they passed a reference merk on one of the flats.
Another 20 min interval was allowed for restoration
of thermal asquilibrium at 1 bar. Each measure-

moent, therefore, representad an independent ex-
irent betwean an elevated pressure snd 1 bar.
resgure intervais were chosen to give essentially
four messuremeni=s between 1 har and 1000 bars,

4, Materials

Manrturements were made on benzene, carbon
tetrachloride, and water at approximately 25, 35,
and 656 "C. Additional measurements were made
on water at approximately 2 und & °C.  The water
was freshly distilled while the organic liquids were
sommerci aveilable materials of high purity
ueed with no forther purification. In all ceses the
purity wes corroborated by determination of the
index of refraction ae described later.

8. Index Calculation

The change in index under pressure was caleulated
irom the equation
Ap=AnA/2¢ sin 8, {1}
where Ap iz the change in refractive index, An—the
number of fringes tgaﬂsiug the referance mark, {-—the
s]?ncing betwaen the optical fats and #—the angle
of incidence of the hght. In these expertments
§="90° »=5875.624, and {=0.2664 cm; =0 that

Ap—1.1028 X 10 4. (2)

Therafore, a shift of one interference fringe repre-

sents a change of approxima 1 in the fourth
decimal place of refractive mdex. Estimates of
Iractional fringes were made to one-tenth of a fringe

s0 that the messurements were made to approxi-
mately 1107% in the indax. With this sensitivity
it waa necassary to correct for the compressibility of
the steel spacer. The volame compressibility of
the stesl was taken fo ha ﬂ.Eﬂ}{lG‘“?bﬁ:er] with
the linesr compressibility being cne-third of this
value, At 1000 bars the correction for the eom-
preasion of the steel was approximataly 3 fringes,

It wes feered that wnequal differential compres-
sions mught cause tilting of the interferemeter plates
and introduce an ertor in the fringe count. The
error frome this source wes largely eliminated by
counting the number of fringes in the field and noting
the fringe orientation befurs and after sach run. In
gome eriments changes were noted in number or
crientation of fringes pnd these data were discarded,
Only thozs experiments showing no changes in the
frinpe system were considered aceeptable.

6. Initial Index Measurement

In order to ascertain the purity of the materials
the indices wera firat measired to the fourth decimal
ﬂma with an Abbé refrastometer using sodium light.

efractive indices for the 537562 A He line wers
calculated from these resulis and published disper-
sion dats on the Tiquids [13, 14, 15].
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To use the data of the present investigation for
change in index it was necessary to know the initial
indices to five decimals. For benzene and water,
refractive indices to the fifth decimal wera taken
from published data on diapersion over s range of
temperatures [13, 14]. Thea initial refractive mdex
of carbon tettachleride was determined by the
method of minimum devistion, the liquid being
encloaed in a hollow glass prism [14].

For benzens and carbon tetrachlomde the imtial
refractive indices were only known at temperstures
very close to 25 °C. The refractive index at other
termperatures of intarest was determined in a manner
completely snalopous 1o the pressure messurements.
In thess experiments it was necessary to correct for
the expaneivity of the steel spacer. This expansivity
was determined by experiment using air in the inter-
ferometer to be 14.9%10-%°0,

It may be noted that all changes in refractive
index as determined with the ioterferometer were
absolute values. The initial measurements of re-
frective mdex referred to mir but were converted to
absolute values from a knowledge of the refractive
index of sir st various temnperatures [16],

7. Resunlis and Discussion

The cxperimental results are given in tablea 1 to 4.
Tables 1 to 3 include specific velumes in addition to
the indices of refraction, while table 4 shows only
the index data. Specific volumes given in columns
3 of tebles 1 to 3 ware computed from values of the
constants of the Tait equation given by Gibson and
his eoworkers [6, 17] who studied these Liquids over
the same pressure and temperature range. Data
of equal precision do not appear to be available for
water at 1.58 and T7.64 “8. The data of =eversl
workers [18] who studied water at the lower tem-

Tanre 1. Effect of temperafure and pressure upon the refroe-
Fite dnder okd apscific vatuine of berans
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peratures were compared with the results of Gibson
at higher temperatures where there was overlapping
of experimental conditions. Although mest of the
data agreed ressonahly well it was considered that
the agreement was aot sufficiently close te permit
ealculations invalving specific volumes from different
sources to be compared. Consequently only index
data are reported for water st 1.56 and 7.64 °C and
no further discussion of these data are contemplated
at this time,

Tabre 2, , Lt Lepijrerafure dnd pressure upon the refroe-
tire inder and apecific volume of corbon lelrachiorids
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TaorE 4. Eifect of temperainre aud pressure upon e refroc-
five andex of wogler of lwe loweer Iethperalures
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7.1. Intemal Consistency of the Data

Several replicate ineasurentents were made where
the interferometer was completely dizassembled and
refilled wath hguid before esch mesaurerment. In
each experimeni the systemn was brought to the same
pressurs as nearly ns poesible, and then small inter-
polations were made in order to compare the data
direetly. Oa the basis of two experiments of Ave and
[our determinations esch, the standard deviation was
computed to be 0.00005 in relractive index, corre-
sponding to Limita of reproducibility of measurements
o}t?oi{].ﬂﬂﬂl, or bwice 316 gtandard deviation about
the inean. 1nspection of large acale graphs of index
versus preseure, figures 2 and 3, shows that the pointe
lie on & minooth curve with random deviations i the
fifth decimal. As & matter of interest, it mey be
noied that the pressure measurement although as-
sumed exact in this discussion may bo subject to =

reater relative error than the measurement of index.
%f the present data those for water and benzene
sppesr to ba slighily mare consistent than those for
carbon tetrachloride,

7.2, Comparison With Other Data

For purposes of compering the present data there
appear to be ounly two previously published eets of
data, those of Gibson and Kincaid on benzane [4]
and those of Rosen on water [4]. Gibson and Kin-
caid covered essentially the saine pressure and tem-
perature ranga as the present experiments, but
Rozen restricted his measurements to 26 “C.  Gibson
and Kincaid p=ed the inmersion method of deter-
mining index while Resen em@luyed the minimuwm
devistion methed. Both sets of data are reported to
four decunals. Both authors made measurements
[or more than one wavelength, all differing from the
waveolength used here. These dats may best be comni-
pared with the data of the present investigalion by

lotting change in refractive index versus pressure.
I sllowrance ie imade for dispersion, temperature, and
vacuum eortections, it is found that the present data
agree with the data of Gibzon and Kineald [6] and
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Rozen [4] exactly to the third decimel with maximun
deviutiots of two or thres units in the fourth decimal
or last significant figure reported by these authors.

A similar approach was followed in comparing tha
data of the present investigation for changa of re-
fractive mdex with temperature at 1 bar with that of
Pesce for benzene [19). Pesee found the change in
absolute refractive index in going from 24 .80 to 54.34
*C to be —0.01934. The measurement [rom the
prezent study over the same temperature range was
— 001949,

7.3, Vazation of Index at Consiant Volume

In the case of the present data, a gm%h of index
versus specific volume is of considerabla intereat,
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These graphs are given in figures 4, 4§, and & for
water, benzene, and carbon tetrachloride. The
relationzbip 1s not inear but rather that of a curve
convex W the specific volume sxis with & very large
radius of curvature. In the ¢ase of water, the
tefractive index decreases with increseing termnpera-
ture &t constant specific volume, while in carhbon
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increaging temperatare, the changes in index in

cazes being small—of the order of a fow parta in the
fourth decimel for » temperature changa of 10 °C.
It appears that, in the case of benzene, there is no
sigtuficant dependence of refractive index wpon
temperature &t consient volume, although a lsrger
scale graph of the daia shows a sepsration into thres
citves of constant temperature with the refractive
index decreszing with imeresze of temperature at the
sama specific volume. For each Hquicrl: there appears
to be s tendency for the refractive index to vary less
with temmperature af hjiher gpecific volumes.

T

These results show that in & liquid where spercific
volume is held constant, it does net necessarily fol-
low that the rafractive index is constant. Despite

the fact thet this appears to be the frst report of
this effect, it iz not completely unexpected. (ibaon
and Loeffler [20] obrerved & shift in the absorption
band of solutions of chromophoric materials with
ternperature at constant volume., Okzenporn [21, 23]
has demonstrated a shift of the ultraviolet absorp-
ticn band of C,He t0 longer wavelengths with in-
creaging tempernture at conetant volume. Robert-
son [23] has given anslogous data for solutions of
organi¢ materals in an inert solvent. Gibson and
Loeffler [20] attributed the shift to the fact that at
higher temperatures the molecules spend a greater
fraction of thne at clope distances to their neighbors.
Tho increased perturbation arising in tha elosc
approaches w-::-uls duce & shift in position of the

tronic levels and ahift the band. HKobertson [23],
although sttributing the shift with changing spe-
cific volume at conatant temperatura to pertyr
tions arising from Yan der Wanl forces, believes the
ehift with temperature at constant volume ariees
froin changes in Dand shape a8 a reault of ineroased
population of the hipher vibrational levele at high
temperatures, Tt is well known that band shepes
vary when pressure ond temperature are changed
[24, 25, 28]
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Inmsinuch as this represents the firat report of
change in index at conetant volume, as far as can
bha ascertained, it iz of eome importance to inguire
whether the effect is real or might arise from experi-
mental errors. In order to produce coincidence in
the surves for water a maximwm shift of the order
of 0.0008 in index, or a ghaft of 0.002 in specific vol-
ume or some combination of these two is raquired.
According to the estimates of precision in index the
value 00006 lies far outside the experimental pre-
cision and the value of 0.002 in epecific volume is
not comparable with the pretision of +0.00005 in
specific volumne claimed by Gibson [8]. There re-
maing the additional possibility that the temnpers-
tures reported here might be in error sufficiently to

roduce the observed spread in 4 and 6.

pmperatures wore measured using both a therno-
couple and platinom resistance thermnometer, with
& maximum difference over the temperature range
of 0.11 *C. This maxinum uncertainty cannot at-
tribute appreciably to the observed separaiion of the
data. In sddition, all measureimenta wer:lperfﬂrmed
in exactly the same manner st identical tempera-
tures, e fact that the shifta for water and O CL
are in opposite directions, while CgH, shows no shifs
within experimental error, plus the estimates of
errors invoelved requires the conclusion that the
ghifta of index at constant volume are real for HO
and C CL.

From the previous dizcuseion it i= concluded that
st constant volurne the position and shape of the
absorption bands change with tempersture. For
the liquida studied here datn st constant volume
appear to ba aveilable only for benzens which was
studied by Oksengorn [21, 22]. The frequency used
here i3 on the low frequenecy tail of tha uv abaorp-
tion band as shown by the ﬁ{spnrsiﬂn data of Gibson
and Kincaid [6}. The shift in the uv band with
incressing temperature at constant volume is toward
lower frequencies and, at the frequeney of ineasure-
ment used hera, & higher index should result from
this stuft.

If it j= ssswmed that the shilt in absorption
frequency with fempernture at constant velume is
equivalent to a change in frequency of measurement
at conztant temperature and pressure, the availabie
data can be combined to ealculate the change
index resulting from the shift in the absorption band.
This assumption s]i'miﬁmlly Taquires that the sha?e
of the absorption band be unchan by the slaft,
At a specific volume of 1,10 em¥/g, Ok=engorn's data
show a shift AsfaT'=—1.5 cm /", Gibaon and
Kineaid re]?crrt- & frequmcg dependence ApfAr=2.5
¥ 10 *em™ at 1 atm ang 25 *C. Therefore, the
ch&ug;n in index at constent velume would be
ApfAT=3.73107%C with the change in i
resutting from the fact that shift of the absorption
band 18 of opposite sense to the change in index.
The ecalculated change in index in incressing the
temperature from 2480 to 5434 °C, at constand
volume is 1.1)X107*, Considering the several meas-
urements required for the expenmental detarming-
tion of change in index at comstant volume, ia.,
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cheoge in index with pressure at various tempera-
tures, clange 1n index with temperature at 1 bar
and expansivity and compressibility of the inter-
ferometer, it appesrs that the predictad change in
irdex of 1.13%10™* would most probably net be
detaeted, The results of the present ztudy do not
indicate any significant chenge in refractive index
with temperature &t constant specific volume for
benzene.

The shift of an absorption band in the uliraviclet
region of the spectrum is not the only possible
explanation for change in index with temperature at
constant volune, Smee the dispersion of benzane i3
larga, the index would be very sensitive to changes
m band eontour. According to Kobertsoo [23] at
conztant volume an enhancement of the low fre-
guency teil of the absorption band with mnereasing
temiperature is to ha expected. The resulta of the
present study do not appear to be in accordance with
this expectation. Measurernents of index st different
wavelengths might provide s sensitive method for
studying changes in contour of the band tail.

No comparable deta at constant volume appear
to be gvailable for ¢ Cl, or HyQ). The magnitude of
the change in index of C Cl, with temperature at a
constant volume of 0.60 mlfz is about 4.8 10~5/2(],
Thiz result might be explained by a shift of the uv
band to longer wavelengths with ineressing tempera-
tura at constant volume. Alternatively, changes in
band contour might canse the observad changes in
refractive index.

The data for Hy(} show 5 decrease in indax with
inereaging temperatura of magnitude 2.6 1075°C
it a gonstant voluwe of 0.97 mi/fz.  From dispersion
date on HyO [14] it iz apparent that the [requency
used here is on the tail of the uv sbsorption band
near 1200 A [27). Therefore, it would appear that
the data on index might bs sxplained EI:::‘ & shift of
the uvr band to shorter wevelengths with incrensing
temperasture st comstant volume. Jt is pot clear
that =hifts in this direction oceur since no data st
constant volurne ere available, and data of Clolling
[25] on the newr infrared absorption of water to
5000 atm show no appreciable ghifte or infensity
chanpes in this repion. Howerver, an appropriate
change in contour without a shift of the center of
gravity of the band would alse produce the observed
result. It is possible that the effect observed in
water with temmpersture st constent volume is due
to small changes in the hydrogen binding.

7.4. Hofractive Index Formulas

Various equations have been proposed which
express g relationship betwsen refractive index and
apecific volume in such a way that the relationship
is independent of temperature. The {ollowing
afuations may be mentionad: the (Fladetone-Dale
(29}, (u—1)V=constant, the Lorentz-Lorenz [30, 31],

w—1fpt+2) V=constant, the Newton [32], {x*—1)

=conetant and the Eykman [33], (x*—1/z+0.4)
V'=constant, where g representa the index of refrac-
tion and V the specific volume. Upon fitting the
dats of the present investigation to the various




equations it was found, in agreement with the earlier
vconclusion of Gihson [6], that the Eykman equation
for benzene pives a gatisfectory fit to four sipnificant
figures. However, none of the formulations give
satisfactory agreemeni for each liquid over the
ranpe of temperature sand pressure emploved. This
ohservation is not new [4, 6, 34] and a considerable
amount of work has heen done, particularly on the
Claugius-Muosottl equation, the t%electric analog of
the Lorentz-Lorenz equation with the dislectric
behavior of both gaszes and liquids at elevated
pressures, Dmnforth |35] who measured the dieloetric
constant of liqguide up to 12,000 hara balieved that
hi= data indicated both & change of polarizability and
& failure of the Clausius-Mo=zotii equation st elevated
pressures. A comprehensive survey of much of
this work iz piven by Ten Ssldam [36] More
recently it bas been realized that the intermolecular
forces may be investigated directly by spectroscopic
studiea at elevated pressures and a survey of current
work in this field i3 available [24)].

By using a more refned approximation of the
loeal field acting vpon a moleculs Bottoher [37] gives
a8 an improved form of the Lorentz-lorenz aguation

{i-aGe)} o

where m iz the molecular weight, N, i5 Avogadro’s
number, « is the polarizability of the maolecule and ¢
iz the affective radivs of the molecnle. It can be
zeen that by plotting

“ m
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a straipht line reaults with an intercept involving o
and a alope involving ¢.  The date for water, benzenas,
and earhon tetrachloride were plotted according to
eq {3) and the graphs are shown in figures 7,5, shd 0.
Viloes of & sand o determined by least sguares are
given in table 5.
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Battcher used as his model 2 apheiteal molecule
whosa polarizability and radius were independent
of temperature and pressore. It cen be seen from
the fipurea that, of the three hquids, Lenzene fits
thizs model hest, but even with henzene an inereasing
carvatura is apparent at the right-hand side of the
graph. This mri;iﬂn corréapond=s to the physical
situntion of the higuid being under greaier pressyre.
It may be infarred, therefore, that polarizability
andfor radive of the benzens moleculs 18 not coin-
pletely independent ol pressure.

This_eurvature may also be ohserved for earbon
tetrachlorida in ficura 9. Thera is hers, in addition,
a lateral displacement of the isothetms. The Tact
that both the intercept and the sl?e of the lings
representing the data for 24.80 and 54.34 °C are
distinctly different indieates that hoth polarizability
and radiug are not independent of tempearature (as
well as ]::'-ﬂﬂﬂ-llrﬂ} for (2 C‘i

Battcher's formula, eq (3), was developed for a
nongular dielectric, and fioure 7 shows that water
fits Botteher's miodel least well of the liquida studied.
Despite some scattering of points thore appears to he
a definite sepiration utg the isotherms. A meaningful
eatimute of molecwlar radius, ¢, may only be had Tor
the dats st 24.80 °C, because the slope ol the curve
at this temperatura j8 negative as is necessary for the
caleulation. The slopes of the curves at the two
higher temperatures are slizhlly positive.

or euch liquid avernge values of & and ¢ over the
temperature range involved mre shown in table 5.
For carbon tetrachloride it waa found that =955
A% pnd =293 A, Béttcher ealeulated a=907 A?
und ¢=2.42 A hy applying his equation t0 a series of
mixtures of carbon isuIﬁ‘ﬁa and carbon tatrachloride.
Averare values of o for water, carbon tetrachloride,
and benzene were found to Le 277 A, 293 A, and
2,93 A, respectively. From molar volume data for
these jll:[llldﬂ over the sama temperature rtange,
correaponding values of & were found to be 1.94 A,
333 A, and 340 A, The large difference in the casa
of water is agnin presumed to be due to the fact that
watar is a polar Liqmd.

The suthors sre Indebied to R, E. Gibson, Director
of the A Eli&d Physiez Laboratory of the Johms
Hopkina University, for the use of the pressure
vessel in which the experiments were conducted.
The authors slso thenk I. Malileon of the Refrac-
tomnetry Section of the Nutional Burean of Standurds
for his initial measuremenis of the refractive index
of carbon tetrachloride,
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